Introduction
The central nervous system (CNS) is rich in several glycoprotein oligossacharides that have not been detected in other tissues (Spillmann and Finne, 1987; Chou et al., 1986; Finne, 1985; Finne et al., 1979; Krusius and Finne, 1978; Finne and Krusius, 1976) . It is also known that diverse carbohydrate structures change in amount during the course of development of the brain (Hynes et al., 1989; Krusius et al., 1974) and this suggests specific functions for the carbohydrate determinants in both cell differentiation (Finne, 1989) and tissue architecture (Hynes et al., 1989) . Extensive information concerning synaptic glycoproteins is available (Gurd, 1989; Churchill et al. 1976; Kelly et al., 1976; Bittiger and Schnebli, 1974; Gombos et al., 1971; Brunngraber et al., 1967) . However, such studies refer primarily to the CNS, where multiple synaptic types and neurouansmitters are known to exist. It has been proposed that the carbohydrate moieties of the common cholinergic synapse of the peripheral nervous system (PNS), the neuromuscular junction, are involved in the formation and/or stabilization of synaptic connections (Sanes and Cheney, 1982) , and the carbohydrate pattems in this structure have recently been studied (Scott et al., 1988) . The electric organ of Torpedo marmorata is believed to be homologous to the neuromuscular junction (Feldberg and Fessard, 1942) , providing an accessible model for studying the cholinergic synapses at the level of both cellular and molecular biology (Whittaker, 1987 (Whittaker, ,1989 . To assess more precisely the homology between both the purely cholinergic models, we have investigated the subcellular distribution of glycoconjugates in the Torpedo electric organ, employing gold-labeled lectins and monoclonal antibodies (MAb) raised against carbohydrate epitopes. We have determined that the synaptic glycoconjugate structures of the Torpsuk electric organ exhibit suiking differences as compared with those of the neuromuscular junction. Furthermore, we have observed certain synaptic vesicle populations distinguishable by their glycoconjugate composition as revealed with cyto-and immunocytochemical-gold techniques.
Materials and Methods

Reagents
All the lectins used in the prcscnr study were purchased from Vector (Burlin-game, CA), except for Helixpomutiu agglutinin from Pharmacia (Lund, Sweden), Limuxfiuus agglutinin from Calbiochem-Behring (La Jolla, CA), and Daturu stramonium agglutinin from Sigma (St Louis, MO). Neuraminidase (Type X from Clostridiumperfringens), Triton X-100. fetuin, N-acetylglucosamine, N-acetylneuraminic acid, N-acetylgalactosamine, and P-galatose were from Sigma. Tetrachloroauric acid, trisodium citrate, polyethylene glycol (MI 20.000). paraformaldehyde, Tween-20, and ammonium chloride were from Merck (Darmstadt. Germany). Glutaraldehyde was from Fluka (Buchs, Switzerland). MAb Cu-l,OSM-10, and B72.3 were generous gifts from EX. Real (IMIM; Barcelona, Spain). MAb Cu-1 (IgG3) detects the Tn epitope (Takahashi et al., 1988) . MAb B72.3 (IgG1) detects the sialyl-Tn epitope (Gold and Mattes, 1988; Kjeldsen et al., 1988) . MAb OSM-10 (IgGi), raised against ovine submaxillary mucin, detects sialyl-Tn (EX. Real, unpublished observations).
Preparation of Tissues
Small electric organ fragments from various Torpedo mamorutu specimens were excised and were briefly rinsed in Torpedo physiological medium (in mM: 280 NaCI, 3.0 KCI, 5.4 CaC12, 1.8 MgC12, 3.6 Hepes (N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid)lNaOH, pH 6.8, 100 sucrose, 300 urea, 5.5 glucose; the medium was vigorously oxygenated by boiling for 2 min. The final pH was adjusted to 7.0 with NaHC03. The tissue samples excised were fixed in different combinations of fixatives (3% paraformaldehyde; 2% paraformaldehyde-O.l% glutaraldehyde; 1% glutaraldehyde) in cacodylate buffer (0.1 M, pH 7.0) for 2 hr at room temperature. Fixed fragments were briefly rinsed with the same buffer and free aldehyde groups were quenched with ammonium chloride (50 mM, in cacodylate buffer 0.1 M, pH 7.0) for 1 hr, three changes of 20 min each. Then the tissues were embedded in Lowicryl K4M at -35°C as previously described (Carlemalm et al., 1982; Roth et al., 1981) . Ultra-thin sections of a gold interferential color were cut using glass knives and placed on parlodionkarbon-coated nickel grids.
Preparation of Colloidal Gold Complexes
Monodisperse colloidal gold with an average diameter of 14 nm was prepared according to the procedure of Frens (1973) . Protein A, HPA (Helix p o m u h agglutinin), DBA (Dolichos bij7orus agglutinin), PNA (Arachic hypoguea, peanut agglutinin), UEA-I (Ufex europueus agglutinin I), SBA (Glycine mux, soybean agglutinin), and RCA-I (Ricinus communis agglutinin I) were directly conjugated to gold as previously described by Roth (1982 Roth ( ,1983 . Fetuin-gold complexes were performed according to Roth et al. (1984) . Ovomucoid and asialoorosomucoid were complexed with gold according to Egea et al. (1989) .
Cytochemical Labeling Protocols
LectiaS. For direct labeling with a lectin-gold complex (one-step technique), ultra-thin sections were floated on a drop of phosphate-buffered saline (PBS; 0.01 M phosphate buffer, pH 7.4, 0.15 M NaCI) for 5-10 min. followed by transfer to a droplet of 14-nm lectin-gold complex (DBA. HPA, SBA, RCA-I, PNA, UEA-I; Table 1 ). Subsequently, the grids were rinsed with PBS (two times for 3 min each), briefly jet-rinsed with distilled water, and dried. Labeling of sections with LFA, DSA, and RCA-I was performed by means of the two-step cytochemical affinity technique. This method consisted of detecting an unlabeled lectin with a glycoprotein-gold complex. LFA binding sites were detected with the LFA-fetuin-gold technique prescribed by Roth et al. (1984) . DSA binding sites were revealed with ovomucoid or asialoorosomucoid-gold complexes as described by Egea et al. (1989) . For visualization of RCA-I binding sites using a two-step labeling technique, the grids were placed on a large drop of PBS for 3-10 min. followed by incubation in unlabeled RCA-I (75-100 pglml in PBS) for 45-60 min at room temperature. After brief rinses with PBS (twice for 3 min each) the sections were floated on asialoorosomucoid-gold complex ('Igble 1) for 30 min at room temperature. Subsequent rinsing with PBS and distilled water was carried out as described above. The working dilutions and incubation times are shown in Table 1 . 14 nm 14 nm 14 nm 14 nm
Monoclonal Antibodies. Ultra-thin sections were floated on a droplet of PBS and then incubated with one of the following mouse monoclonal antibodies: MAb Cu-1, known to recognize %-antigen (GalNAca-0-SerlThr), and MAb B72.3 and OSM-10, recognizing sialyl-Tn-antigen (NeuAca2. 6GalNAca-O-Ser/Thr). Variable concentrations of these MAb diluted in PBS (Table 1) were used for 2 hr at room temperature or overnight at 4°C in a moist chamber. Sections were then rinsed twice with PBS (3 min each) and transferred to a droplet of affinity-purified rabbit antimouse IgG (25-50 pg/ml of PBS containing 0.1% Tween-20) for 45 min at room temperature. After two rinses for 2 min each with PBS, grids were floated on a droplet of protein A-gold (pAg) for 60 min (Roth, 1982 ) (Table 1). After two rinses in PBS (3 min each) and one quick wash in distilled water, ultra-thin sections were allowed to dry in air.
Control Incubations for Labeling Specificity
Sugar Pce-absorption of Lectins and MAb. Native lectins, lectin-gold complexes, or MAb were mixed with various monosaccharides for 30-45 min (lectins) or 120 min (MAb) before incubation of ultra-thin tissue sections [a-N-acetylgalactosamine (GaJNAc, 0.01-0.5 M), a-N-acetylglucosamine (GlcNAc, 0.05-0.5 M), pgalactose (PGal, 0.01-0.5 M), a-neuraminic acid (NeuAc, 0.005-0.1 M)]. Other tissue preparations (ovine submaxillary gland and rat colon) known to be reactive for the lectins and MAb used in the present study were incubated in parallel with ultra-thin sections of the electric organ to substantiate the validity of the negative results obtained with MAb and with DBA, SBA, PNA, and UEA-I Iectins.
Other Controls. These included (a) incubation of sections with glycoprotein-gold complexes alone to test their binding to sections; (b) replacement of MAb by PBS or unrelated MAb followed by a secondary antibody and protein A-gold alone; and (c) pre-incubation of sections with unlabeled lectins before lectin-gold complexes.
Enzymatic Removal of Neuraminic Acid from Tissue Sections
Ultra-thin sections were likewise pre-treated with neuraminidase to evaluate lectin binding profiles to penultimate sugar residues masked by neuraminic acid. Sections were pre-incubated for 5 min with 0.1 M acetate buffer (pH 4.5). Subsequently, the sections were incubated in neuraminidase (4 U/ml of 0.1 M acetate buffer, pH4.5) overnight at 37'C (Egea et al., 1989) . Then, ultra-thin sections were thoroughly rinsed in large droplets ofdoubledistilled water (four times for 10 min each) and subjected to jet washings (four times for 2 sec each). Sections were either allowed to air-dry before the labeling protocols or immediately processed for lectin cytochemical or immunocytochemical procedures as detailed above. Control incubations were constantly performed in parallel in the same buffer solution without enzyme.
Finally, ultra-thin sections were counterstained with uranyl acetate for 6 min and with lead citrate for 45 sec. Gold labeling was examined in a Philips EM 301 electron microscope.
Synaptic Structures
In Table 2 the results obtained by the cytochemical and immunocytochemical gold staining of Torpedo electric organ with lectins and MAb are summarized. MAb Cu-1 (Tn) and the lectins known to recognize terminal non-reduced GalNAc (DBA, HPA, SBA) failed to produce labeling of any of the structures studied ( Figures 1A   and lB) , even after pre-treatment of ultra-thin sections with neuraminidase. The same results were obtained with MAb B72.3 and OSM 10 (sialyl-Tn). When NeuAc was detected with the lectin LFA, however, gold staining was obtained ( Figure IC) . The gold labeling was visualized in all the synaptic structures, especially in certain synaptic vesicles and the synaptic basal lamina. The synaptic structures were reactive for RCA,I, with the exception of synaptic vesicles ( Figure ID ; Table 2 ). The Schwann cell projection, the synaptic basal lamina, and the presynaptic membrane ( Figures 1D and  E) exhibited gold labeling. The postsynaptic membrane was weakly and not uniformly labeled. After neuraminidase treatment, some synaptic vesicles were rendered reactive ( Table 2) .
The presynaptic membrane exhibited intense reactivity with DSA ( Figure 1F ). The labeling pattern for DSA was similar to that described for LFA and for RCA-I, with the exception that certain synaptic vesicles displayed gold particles for DSA and LFA in their lumen. The postsynaptic membrane was likewise weakly labeled for DSA. In general, all the structures examined displayed a stronger reactivity with DSA than with the RCA-I and LFA (compare Figure  IF with Figures 1C-1E) .
No labeling at all was revealed with UEA-I in the synaptic structures (Table 2 ). Identical negative results were obtained with PNA. Normally, the exposure of T-antigen to the lectin is performed after neuraminidase treatment. When ultra-thin sections were pretreated with neuraminidase, a series of synaptic structures were rendered reactive, in particular certain synaptic vesicles and the presynaptic membrane (able 2).
It is interesting that after neuraminidase treatment and subsequent application of LFA-fetuin-gold complexes to thin sections, gold labeling disappeared in Schwann cell projections, whereas some gold particles were still specifically attached to synaptic vesicles, the presynaptic membrane, and the synaptic basal lamina ( Figure  1G Table 2 ). After a simultaneous treatment with neuraminidase on ovine submaxillary gland ultra-thin sections, a virtual absence of labeling with LFA was observed. Table 3 illustrates the results obtained in the extrasynaptic structures. As described above, non-reduced terminal GaINAc residues were not detected in these structures. Only the electric organ capillaries were reactive for SBA.
Extrasynaptic Structures
The presence of NeuAc was found in the membrane infoldings of the dorsal face of the electrocyte (Figure 2A) . However, after neuraminidase treatment no gold particles were detected ( Figure 2D ). Labeling with RCA-I exhibited a similar pattern (Table 3) . Neither LFA (Figure 2A ) nor RCA-I stained the dorsal basal lamina.
The gold labeling obtained with DSA was comparable to that with LFA, with the exception that the basal lamina of the dorsal face was completely labeled with DSA ( Figure 2B) . However, the synaptic basal lamina surprisingly stained with the lectins LFA (Fig  ure IC) and RCA-I ( Figure 1D) .
The membrane infoldings of the electrocyte dorsal face were labeled with PNA after pre-treatment with neuraminidase. The dorsal basal lamina remained unlabeled with the lectin ( Figure 2C ). It is remarkable to note the presence of specific RCA-I-gold labeling in the heterochromatin of the Schwann cell nucleus (Figure Table 3 3A), whereas the electrocyte nucleus was completely negative (Figure 3B) . The nuclei of other cell types examined were likewise negative for MAb and the rest of the lectins used.
Discussion
Electric organ tissues have been extensively employed as a useful model for studying the physiology of acetylcholine because of their developmental homology to the neuromuscular junction (Whittaker 1987 (Whittaker ,1989 . In principle, we have postulated a hypothesis that the electric organ could contain surface glycoconjugates similar to those in the neuromuscular junction. For this reason, we have applied different GalNAc-specific lectins and the MAb Cu-I, known to recognize 0-linked aGalNAc to SerlThr. The same reagents have previously been applied to the neuromuscular junction by Sanes and collaborators, who described that DBA recognized a carbohydrate moeity specific to the synapse (Sanes and Cheney, 1982) . Such a carbohydrate epitope has been suggested to be associated with acetylcholinesterase (AChE) and a glycolipid (Scott et al., 1988) , and it has extensively been investigated during the course of development and denervation (Ribera et al., 1987b) . In addition, Scott et al. (1990) have reported the presence of a synaptic N-acetylgalactosaminyluansferase. If these data are taken into account, it could be expected that the electric organ would be an appropriate source of such a specific synaptic component. When we examined terminal non-reduced aGalNAc in the synaptic structures of the electric organ, howewr, no gold labeling was obtained. The GalNAc residues were not masked with NeuAc, since labeling with MAb B72.3 was negative as well, and after neuraminidase treatment the gold labeling with GalNAc lectins and MAb Cu-1 still remained negative. GalNAc is probably incorporated into an oligosaccharide sequence NeuAca2,3(6)Galpl,3G~Aca(-O-Ser/Thr), since after neuraminidase treatment gold labeling became positive with PNA (GalP1,3GalNAc). Such a result represents another difference from the neuromuscular junction, where PNA labeling was noted without neuraminidase treatment (Scott et al., 1988; KO, 1987; Smith and KO, 1986) . The absence of L-fucose is in agreement with that reported in the neuromuscular junction (Scott et al., 1988) . No distinct differences could be detected in terms of labeling for NeuAc and PGal between the electric organ and the neuromuscular junction (Scott et al., 1988; Ribera et al., 1987a) . By a qualitative visualization of gold labeling density, we have demonstrated that the synaptic structures of the electric organ are more abundant in terminal PGal than in NeuAc, in particular at the presynaptic membrane. With regard to the synaptic vesicles, we have shown that not all synaptic vesicles were labeled with LFA, with PNA (after neuraminidase treatment), or with DSA. In the same nerve terminal, some vesicles contained gold particles, whereas others did not (see Figures 1C and IF) . In the case of the LFA labeling, some synaptic vesicles were still reactive even after neuraminidase treatment, whereas labeling was not present at all in other structures (compare Figure 1F with Figure 2D ). It is possible that some synaptic vesicles contain neuraminic acid resistant to neuraminidase from C/ostridiumperfringens. This enzyme is not capable of detaching 0-substituted neuraminic acid (Schauer, 1987) . The present results suggest a heterogeneity in synaptic vesicle population, even though we do not know whether it is linked with a functional heterogeneity and with a differential regulation in the secretory process (De Camilli and Jahn, 1990) . At present, at least two Torpedo synaptic vesicle populations have been described biochemically on the basis of their different behavior in sucrose gradient centrifugation after intensive electrical stimulation Whittaker, 1974a,b,1977) and in resting conditions (Whittaker, 1990) . Another interesting observation in the present study was that some synaptic vesicles were labeled with PNA (after neuraminidase pre-treatment) or DSA, but never with RCA-I. Such a discrepancy could in part be explained by the fact that RCA-I recog nizes PGal even in the presence ofNeuAc in (a2,6) but not in (a2,3) groups on the terminal P-galactosyl moiety (Baezinger and Fiete, 1979) . It is probable that neuraminic acid occurring in certain synaptic vesicles would be linked to PGal in (a2,3) . This explanation appears to be valid, since after neuraminidase treatment some synaptic vesicles displayed labeling with RCA-I. Furthermore, Baezinger and Fiete (1979) reported that NeuAca2,3Gal~1,3GalNAcal-Opeptides did not bind this lectin. This is in accordance with the present labeling results with PNA after neuraminidase treatment. Therefore we suggest that certain populations of synaptic vesicles might contain at least two different types of sequences: (a) NeuAca2,3Ga1(31,3GalNAca (SerlThr-0-linked) and (b) Galal,4Glc-NAc(31 (N-acetyllactosamine containing asparagine-linked oligosaccharides). However, no plausible explanation can yet be made for the fact that RCA-I did not detect non-reduced terminal PGal present in the sugar sequence recognized by DSA in certain synaptic vesicles. Similar findings were obtained in the dorsal (non-synaptic) basal lamina, even though both lectins exhibited a comparable gold labeling pattern in the membrane infoldings of the dorsal face. There appears to be a different composition of glycoconjugates in the basal lamina when it is associated with nerve terminals. This could be caused by the different composition of extracellular matrix components elaborated by the electrocyte and/or by the release of glycan(s) from the lumen of synaptic vesicles (for review see Carlson, 1989; Carlson and Wright, 1987; Caronini et al., 1985) . Another unexpected finding obtained in the present study was the unique detection of PGal in the nucleus of Schwann cells, the rest of the nuclei being completely negative. Although the labeling appeared to be specific we can not derive any appropriate explanation for this fact, even though it might be a special characteristic of Torpedo Schwann cells. Further studies are needed to clarify the significance of such findings.
In conclusion, the results obtained in the present study revealed striking differences in glycoconjugate distribution between the pure cholinergic synapse of Torpedo electric organ and the cholinergic synapse of the neuromuscular junction. Therefore, glycoconjugates are thought to be correlated more with the development and maintenance of the synapses than with their functional properties. Furthermore, the electric organ represents a polyinnervated tissue in contrast with the monoinnervated mature mammalian neuromuscular junction.
